1. Introduction {#sec1}
===============

Doxorubicin (DOX) was once a first-line anti-tumor drug used widely for chemotherapy in clinical tumor patients, and it has significant effects on a variety of tumor types. However, the use of DOX has been limited by a number of severe and potentially life-threatening side effects, particularly cardiotoxicity \[[@bib1],[@bib2]\]. The mechanisms by which DOX causes cardiotoxicity and cardiac injury are complex, and a variety of pathological factors have been found to be involved, especially the cardiac oxidative stress \[[@bib3],[@bib4]\].

The interleukin (IL) family is a multifunctional cytokine family, several members of which have been reported to regulate DOX-induced acute cardiac injury in mice. In a recent study, neutralization of IL-5 was reported to promote the secretion of various cardiac cytokines and to reduce cardiac function in DOX-treated mice \[[@bib5]\]. In a mouse model, overexpression of IL-10 by adeno-associated virus 1 (AAV-1) significantly reversed DOX-induced cardiotoxicity \[[@bib6]\]. Treatment with IL-12, a pro-inflammatory factor, has been unexpectedly found to alleviate the DOX-induced mouse cardiac inflammatory response and cardiac injury \[[@bib7]\]. IL-33 exerts anti-inflammatory effects, reduces cardiomyocyte apoptosis and alleviates cardiac dysfunction \[[@bib8]\]. Furthermore, recombinant mouse IL-35 significantly reduces the inflammatory response of the heart and protects against DOX-induced cardiac injury \[[@bib7]\].

IL-22 is an important inflammatory regulator secreted mainly by immune cells, including macrophages and lymphocytes; however, it is also secreted in small quantities by non-immune cells, such as cardiomyocytes and fibroblasts \[[@bib9], [@bib10], [@bib11]\]. The target cells for IL-22 are epithelial cells, and increasing numbers of recent studies have shown that the IL-22 receptor can be expressed on the surfaces of immune cells and that IL-22 can regulate the differentiation of immune cells \[[@bib12], [@bib13], [@bib14], [@bib15], [@bib16]\]. In addition, numerous studies have shown that IL-22 can participate in a variety of cardiovascular diseases, including hypertension, cardiac hypertrophy, atherosclerosis, and myocardial infarction \[[@bib17], [@bib18], [@bib19], [@bib20]\]. Data from clinical experiments have revealed that plasma IL-22 levels are increased in patients with aortic dissection or acute coronary syndrome \[[@bib21],[@bib22]\]. However, it remains unclear whether IL-22 is involved in cardiac injury. In this study, our aim was to identify the roles of IL-22 in DOX-induced cardiac injury and cardiac dysfunction and to explore the underlying mechanisms.

2. Methods {#sec2}
==========

2.1. Animals and animal models {#sec2.1}
------------------------------

IL-22-knockout heterozygous mice (storage No.: B001134) with a C57BL/6J background were purchased from the Institute of Model Zoology, Nanjing University (imported from the *Jackson Laboratory*), and housed in the specific-pathogen-free mouse room of Renmin Hospital of Wuhan University. A constant temperature (20--22 °C) and humidity (50 ± 5%) were maintained, and the mice received water and food from the Animal Care Facility Service. Homozygous IL-22-knockout mice and wild-type (WT) mice were obtained after mating and identification of heterozygous IL-22-knockout mice. Male IL-22-knockout mice at 10 weeks of age were used in this study, while WT mice in the same brood were used as controls. The mouse experimental and care procedures met the standards of the Guidelines for the Care and Use of Laboratory Animals published by the United States National Institutes of Health (NIH Publication, revised 2011). This study was reviewed and approved by the Institutional Animal Care and Use Committee at the People\'s Hospital of Guangxi Zhuang Autonomous Region (China).

In the first experiment, WT mice were treated (intraperitoneal injections, i.p.) individually with different concentrations of DOX (7.5 mg/kg or 15 mg/kg, Millipore) for 5 days. Control WT mice received saline (Part 1). The expression and source of cardiac IL-22 were then detected. In a second experiment, both WT mice and IL-22-knockout mice were treated with DOX (15 mg/kg) for 5 days (Part 2). The body weights (BWs) of the mice were recorded once every 24 h, and the heart weights (HWs) were obtained at the end of the fifth day. Control WT mice were given saline. In a third experiment, both WT mice and IL-22-knockout mice were pretreated daily with dimethyl sulfoxide (DMSO, 50 μl/mouse, Sigma) or SB203580 (5 mg/kg, Millipore) \[[@bib23]\], a specific inhibitor of the p38 pathway, 3 times; all mice were then given DOX (Part 3). In a fourth experiment, both WT mice and IL-22-knockout mice were treated with clodronate liposomes (FormuMax) to deplete macrophages according to the methods of a previous study \[[@bib24]\]; control WT mice received liposomes. Then, all mice were given DOX (Part 4). In a fifth experiment, IL-22-knockout mice were subjected to adoptive transfer of WT macrophages (10^6^ cells/mouse) or IL-22-knockout macrophages from the tail vein \[[@bib25]\] and treated with DOX or saline (Part 5). In a final experiment, 3 weeks prior to DOX treatment, both WT mice and IL-22-knockout mice were injected once with AAV9 carrying Recombinant plasmid Gene-IRES-ZsGreen to up-regulate Fizz3 expression (AAV9-Fizz3, Selleck) or negative control AAV9 from the tail vein (Part 5). Each group contained 10 mice, and euthanasia was performed 5 days after treatment with DOX. Treatment of mice in different parts are listed as [Supplementary Material Fig. S1](#appsec1){ref-type="sec"}.

2.2. Echocardiography and hemodynamics analyses {#sec2.2}
-----------------------------------------------

Both echocardiography and hemodynamics analyses were performed to detect the cardiac function of each mouse as described in our previous study \[[@bib7]\]. In brief, for the echocardiographic test, mice were anesthetized, and the raw data and average values for heart rate (HR), left ventricular (LV) ejection fraction (LVEF) and LV fractional shortening (LVFS) were obtained for 10--15 cardiac cycles. For hemodynamic detection, a microtip catheter transducer was pushed through the carotid artery into the left ventricle, and the raw data and average values of the maximal slopes of the systolic pressure increment (+dP/dt max) and diastolic pressure decrement (-dP/dt max), LV systolic pressure (LVSP) and LV end-diastolic pressure (LVEDP) were recorded for 12--15 cardiac cycles.

2.3. Western blot analysis {#sec2.3}
--------------------------

RIPA lysis buffer containing protease inhibitors and phosphatase inhibitors was used to lyse mouse heart tissue. After further lysis by ultrasound, total protein was collected from each heart sample and further quantified using a BCA Protein Assay Kit (Thermo Fisher Scientific). Then, western blotting was performed to detect the cardiac protein expression. Antibodies against IL-22 (GeneTex), IL-10R2 (Abcam), IL-22R1 (Santa Cruz), Bax, Bcl2, cleaved caspase-3, extracellular regulated protein kinase (ERK), p-ERK, p38, p-p38, c-Jun N-terminal kinase (JNK), p-JNK, signal transducer and activator of transcription (STAT) 3, p-STAT3, and STAT1 were purchased from Cell Signaling Technology, and antibodies against p-STAT1, STAT5, p-STAT5, p65, and p-p65 were purchased from Abcam. The western blotting was performed according to the methods described in our previous articles \[[@bib26]\].

2.4. Histological analysis {#sec2.4}
--------------------------

Histological analysis was performed as described in our previous study \[[@bib27]\]. In brief, freshly isolated mouse hearts were fixed, embedded in paraffin, cut into approximately 5- to 6-μm sections, mounted onto slides and analyzed. Cardiomyocyte vacuolization was analyzed by hematoxylin and eosin (H&E) staining using a commercially available kit (Millipore). TUNEL staining was performed to investigate cardiomyocyte apoptosis (indicated by positive TUNEL staining). Sections were also subjected to immunofluorescence staining. Cardiac proteins were detected with primary antibodies against IL-22, Bax, Cleaved caspase-3, inducible nitric oxide synthase (iNOS), and arginine-1 (Arg-1). Primary antibodies against CD11c and CD19 were obtained from Abcam; those against F4/80, CD4, and CD31 were obtained from R&D Systems; and those against cardiac troponin I (cTnI), vimentin, and α-SMA were obtained from GeneTex. The CD11c, CD19, F4/80, CD4, CD31, cTnI, vimentin, and α-SMA antibodies were used to label dendritic cells, B lymphocytes, macrophages, T lymphocytes, endothelial cells, cardiomyocytes, fibroblasts, and smooth muscle cells, respectively. Immunofluorescence staining was also performed to mark cardiac T lymphocytes, monocytes, endothelial cells and macrophages. Double immunofluorescence staining was used to determine the IL-22 source cells and to assess the expression of p-p38 and p-p65 in macrophages (with antibodies from Abcam). Double immunofluorescence staining was further performed using anti-F4/80 and anti-CD80 antibodies (R&D Systems) or anti-F4/80 and anti-206 antibodies (R&D Systems) to label M1 macrophages and M2 macrophages, respectively.

2.5. Detection of cardiomyocyte injury markers and oxidative stress marker {#sec2.5}
--------------------------------------------------------------------------

The activity of lactate dehydrogenase (LDH) and the concentrations of myocardial-bound creatine kinase (CK-MB) were assessed as indexes of cardiomyocyte injury. The superoxide dismutase (SOD) activity and Nicotinamide Adenine Dinucleotide Phosphate (NADPH) oxidase activity and the levels of malondialdehyde (MDA), and glutathione (GSH) were used as indexes of oxidative stress. Both LDH activity and CK-MB levels in serum and LV tissue, and oxidative stress marker in LV tissue were detected using kits (all purchased from Nanjing Jiancheng Bioengineering Institute, China) according to the manufacturer\'s instructions and as described in our previous study \[[@bib7]\].

2.6. Cell culture studies {#sec2.6}
-------------------------

Bone marrow was isolated according to the methods described in a previous article \[[@bib27],[@bib28]\]. In brief, male WT mice aged 6--8 weeks were euthanized; then, the femurs were separated, and both ends were cut. Cells were flushed out using RPMI 1640 culture medium (Gibco) under sterile conditions. After the red blood cells (RBCs) were lysed, the cells were seeded in 6-well plates and treated with 50 ng/ml murine macrophage colony-stimulating factor (M-CSF) for 7 days to obtain bone marrow-derived macrophages. Then, the macrophages were treated with different concentrations of DOX (0.5 μmol/L or 1 μmol/L) or with saline as a control \[[@bib29]\]. IL-22R1 expression in macrophages from different groups was detected by double immunofluorescence staining.

2.7. Gene sequencing {#sec2.7}
--------------------

Total RNA was extracted from collected LV tissue using TRIzol (Invitrogen) according to the manufacturer\'s instructions. After the total RNA was qualified, quantified, purified and fragmented into small pieces, first-strand cDNA and second-strand cDNA were synthesized. After the cDNA was incubated with A-tailing mix and RNA Index Adapters for end repair, the cDNA fragments obtained were amplified by PCR. The products were purified, dissolved, and validated on an Agilent Technologies 2100 Bioanalyzer for quality control. The double-stranded PCR products were then heated, denatured and circularized with a splint oligo sequence to obtain a final library of single-stranded circular DNA (ssCir DNA). The final library was amplified with phi29 to make a DNA nanoball (DNB), which was loaded into a patterned nanoarray. Paired-end reads of 100 base pairs were generated on a BGISEQ-500 platform (Beijing Genomic Institute \[BGI\], Shenzhen, China). Finally, the gene expression in each group and the differences among groups were analyzed using a database for this organism built by the BGI (Shenzhen). The gene expression levels were calculated with RSEM (v1.2.12).

2.8. Statistical analysis {#sec2.8}
-------------------------

All data in this study are presented as the means ± standard deviations (SDs), and GraphPad Prism 8 software was used to analyze all data. Unpaired Student\'s t-tests were performed to analyze differences between two groups, and one-way ANOVA followed by Tukey\'s multiple comparisons test was used to detect differences among three or more groups. A p value less than 0.05 was considered to indicate a significant difference between or among groups.

3. Results {#sec3}
==========

3.1. DOX treatment increases cardiac macrophage-derived IL-22 expression in mice {#sec3.1}
--------------------------------------------------------------------------------

Both western blotting and immunofluorescence staining were performed to detect cardiac IL-22 expression, and the results showed that DOX treatment dose-dependently increased cardiac IL-22 expression ([Fig. 1](#fig1){ref-type="fig"}A and B). Similar trends were found for IL-10R2 and IL-22R1 expression ([Fig. 1](#fig1){ref-type="fig"}A). Double immunofluorescence staining showed that macrophages were the main sources of IL-22. However, T lymphocytes and dendritic cells also secreted some IL-22, and cardiac fibroblasts secreted small amounts of IL-22 T lymphocytes, cardiomyocytes, smooth muscle cells, and endothelial cells did not secrete IL-22 ([Fig. 1](#fig1){ref-type="fig"}C).Fig. 1Effects of DOX treatment for 5 days on cardiac IL-22 expression. **(A).** Cardiac IL-22 levels were measured in saline-treated and DOX-treated mice by western blot analysis. **(B).** Immunofluorescence staining was performed to analyze IL-22 expression in each group. **(C).** IL-22 expression was detected in T lymphocytes, dendritic cells, B lymphocytes, endothelial cells, macrophages, cardiomyocytes, fibroblasts, and smooth muscle cells. N = 6 in each group. \*P \< 0.05 vs. the baseline group. ^\#^P \< 0.05 vs. the DOX (7.5 mg/kg) group.Fig. 1

3.2. IL-22 knockout alleviates DOX-induced cardiac injury and cardiac dysfunction in mice {#sec3.2}
-----------------------------------------------------------------------------------------

The BWs of DOX-treated mice gradually decreased, but this effect could be reversed by IL-22 knockout ([Fig. 2](#fig2){ref-type="fig"}A). Similar trends were observed for HW ([Fig. 2](#fig2){ref-type="fig"}B). Neither DOX treatment nor IL-22 knockout affected the HW/BW ratio ([Fig. 2](#fig2){ref-type="fig"}C). In DOX-treated mice, 16.5% vacuolization was observed in cardiomyocytes, but vacuolization decreased to 8% after IL-22 knockout ([Fig. 2](#fig2){ref-type="fig"}D). DOX treatment elevated LDH activity and CK-MB levels in both plasma and LV tissue in mice, and these effects were reversed by IL-22 knockout ([Fig. 2](#fig2){ref-type="fig"}E). In addition, the echocardiography results showed that DOX treatment for 5 days significantly reduced HR, LVEF, and LVFS in mice; however, these effects were significantly reversed by IL-22 knockout. Similar trends were observed in the hemodynamics analyses: IL-22 knockout alleviated the DOX-induced reductions in +dP/dt max, -dP/dt max, and LVSP. However, IL-22 knockout exacerbated the DOX-induced elevations in LVEDP ([Supplementary Material Table S1](#appsec1){ref-type="sec"}).Fig. 2Effects of IL-22 knockout on cardiac injury in DOX-treated mice. **(A).** Changes in BW at different time points in different groups; N = 10 in each group. **(B).** The HW of each mouse was measured at the end of the fifth day; N = 10 in each group. **(C).** HW/BW ratios in the three groups; N = 10 in each group. **(D).** Vacuolated cardiomyocytes were detected in different groups by H&E staining and quantified; N = 5 in each group. **(E).** Serum and LV tissue LDH and CK-MB levels were analyzed; N = 5--10 in each group. \*P \< 0.05 vs. the control group. ^\#^P \< 0.05 vs. the DOX group.Fig. 2

3.3. IL-22 knockout decreases p38 phosphorylation in macrophages in mice {#sec3.3}
------------------------------------------------------------------------

Phosphorylation of members of IL-22-related signaling pathways was detected by western blotting. The results showed that IL-22 knockout reduced DOX-induced p38 phosphorylation in mice but had no effect on the phosphorylation of ERK, JNK, STAT3, or STAT5 ([Fig. 3](#fig3){ref-type="fig"}A). In DOX-treated mice, IL-22 knockout reduced cardiac macrophage populations but did not significantly change cardiac T lymphocyte, monocyte or dendritic cell populations ([Supplementary Material Fig. S2](#appsec1){ref-type="sec"}). In addition, p-p38 protein expression was increased in DOX-treated mice and decreased in IL-22-knockout DOX-treated mice compared with control mice ([Fig. 3](#fig3){ref-type="fig"}B). Furthermore, DOX treatment increased IL-22 receptor expression in macrophages both in vivo and in vitro ([Supplementary Material Figs. S3 and S4](#appsec1){ref-type="sec"}).Fig. 3Effects of IL-22 knockout on the phosphorylation of ERK, JNK, p38, STAT3 and STAT5 pathway components in DOX-treated mice. **(A).** Representative images and quantified levels of cardiac p-ERK, ERK, p-JNK, JNK, p-p38, p38, p-STAT3, STAT3, p-STAT5, STAT5, and GAPDH in each group, as measured by western blot analysis. **(B).** p38 phosphorylation in cardiac macrophages in each group was detected by double immunofluorescence staining. N = 5 in each group. \*P \< 0.05 vs. the control group. ^\#^P \< 0.05 vs. the DOX group.Fig. 3

3.4. IL-22 knockout reverses DOX-induced M1 macrophage/M2 macrophage imbalance and decreased oxidative stress in mice {#sec3.4}
---------------------------------------------------------------------------------------------------------------------

The phosphorylation of members of macrophage-related pathways was examined by western blotting, and the results showed that IL-22 knockout decreased p65 phosphorylation but not STAT1 phosphorylation in DOX-treated mice ([Fig. 4](#fig4){ref-type="fig"}A). Immunofluorescence staining further revealed that IL-22 knockout decreased p-p38 expression on macrophages in DOX-treated mice ([Fig. 4](#fig4){ref-type="fig"}B). Treatment with DOX increased M1 macrophage populations and reduced M2 macrophage populations, and these effects could be reversed by IL-22 knockout ([Fig. 4](#fig4){ref-type="fig"}C and D). Similar trends were observed for the expression of iNOS and Arg-1; these intracellular markers revealed increased M1 macrophage populations and reduced M2 macrophage populations, respectively ([Supplementary Material Figs. S5A and S5B](#appsec1){ref-type="sec"}). In addition, DOX treatment decreased SOD activity and GSH levels, while increased NADPH oxidase activity and MDA levels, these effects were reversed by IL-22 knockout in mice ([Fig. 4](#fig4){ref-type="fig"}E).Fig. 4Effects of IL-22 knockout on cardiac macrophage differentiation and oxidative stress in DOX-treated mice. **(A).** The p-Stat1, STAT1, p-p65, p65 and GAPDH levels in the three groups were detected. **(B).** The expression of p-p65 in cardiac macrophages was analyzed. **(C, D).** M1 macrophage and M2 macrophage populations in the left ventricle were determined. **(E).** The cardiac MDA, GSH levels and SOD, NADPH oxidase activities of each group were quantitated. N = 5 in each group. \*P \< 0.05 vs. the control group. ^\#^P \< 0.05 vs. the DOX group.Fig. 4

3.5. IL-22 knockout protects against cardiomyocyte apoptosis in DOX-treated mice {#sec3.5}
--------------------------------------------------------------------------------

Apoptosis-related proteins were measured by western blotting, and the results showed that treatment with DOX increased Bax and cleaved caspase-3 expression and decreased Bcl2 expression in mice. These effects were reversed by IL-22 knockout ([Fig. 5](#fig5){ref-type="fig"}A). Immunofluorescence staining revealed the same trends for Bax and cleaved caspase-3 ([Fig. 5](#fig5){ref-type="fig"}B). TUNEL staining revealed that there were fewer TUNEL-positive cells in DOX-treated IL-22-knockout mice than in DOX-treated WT mice ([Fig. 5](#fig5){ref-type="fig"}C). Knockout of IL-22 significantly changed the expression of a total of 440 genes; the expression of 176 genes increased, while that of 264 genes decreased (Changes in the expression of some genes are shown [Supplementary Material Table S2](#appsec1){ref-type="sec"}).Fig. 5Effects of IL-22 knockout on DOX-induced cardiomyocyte apoptosis in mice. **(A).** Cardiac Bax, Bcl2, and cleaved caspase-3 (cle-cas3) expression in each group was detected. **(B, C).** Bax and caspase-3 expression was measured. **(D).** The number of TUNEL-positive cardiac cells in each group was analyzed by TUNEL staining. N = 5 in each group. \*P \< 0.05 vs. the control group. ^\#^P \< 0.05 vs. the DOX group.Fig. 5

3.6. The p38 pathway mediates the effects of IL-22 in DOX-treated mice {#sec3.6}
----------------------------------------------------------------------

Immunofluorescence staining showed decreased expression of p-p38 in cardiac macrophages ([Supplementary Material Fig. S6](#appsec1){ref-type="sec"}). In DOX-treated IL-22-knockout mice, cardiomyocyte vacuolization was further significantly decreased by SB203580 treatment ([Supplementary Material Fig. S7A](#appsec1){ref-type="sec"}). SB203580 also reduced LDH activity and CK-MB levels ([Supplementary Material Fig. S7B](#appsec1){ref-type="sec"}). In mice in which cardiac dysfunction was alleviated by IL-22 knockout, SB203580 further improved cardiac function ([Supplementary Material Table S3](#appsec1){ref-type="sec"}). Decreased NADPH oxidase activity and MDA levels and increased SOD activity and GSH levels were observed in SB203580-treated mice ([Supplementary Material Fig. S7C](#appsec1){ref-type="sec"}). In addition, the results of western blot analysis showed that SB203580 treatment reduced p-p38 and p-p65 expression and the expression of pro-apoptotic proteins, including Bax and cleaved caspase-3, in DOX-treated IL-22-knockout mice; however, it increased the expression of anti-apoptotic proteins, such as Bcl2 ([Supplementary Material Fig. S7D](#appsec1){ref-type="sec"}). DOX-treated IL-22-knockout mice that received SB203580 also exhibited reduced iNOS expression and increased Arg-1 expression ([Supplementary Material Fig. S7E](#appsec1){ref-type="sec"}). SB203580 treatment reduced the numbers of TUNEL-positive cells in DOX-treated IL-22-knockout mice ([Supplementary Material Fig. S7F](#appsec1){ref-type="sec"}).

3.7. Macrophage depletion alleviates cardiac injury in DOX-treated mice {#sec3.7}
-----------------------------------------------------------------------

Depletion of macrophages with clodronate liposomes significantly reduced cardiomyocyte vacuolization and cardiac injury marker expression in DOX-treated mice, and the effects did not differ between DOX-treated WT mice and IL-22-knockout mice ([Supplementary Material Figs. S8A and S8B](#appsec1){ref-type="sec"}). Cardiac function did not exhibit differences between DOX-treated macrophage-depleted WT mice and macrophage-depleted IL-22-knockout mice ([Supplementary Material Table S4](#appsec1){ref-type="sec"}). Clodronate liposomes pretreatment significantly reduced NADPH oxidase activity and MDA levels and increased SOD activity and GSH levels in DOX-treated mice ([Supplementary Material Fig. S8C](#appsec1){ref-type="sec"}). Very few macrophages were observed in clodronate liposome-treated WT mice and IL-22-knockout mice ([Supplementary Material Fig. S8D](#appsec1){ref-type="sec"}). Macrophage depletion reduced the expression of Bax and cleaved caspase-3 and increased the expression of Bcl2 in DOX-treated mice, but no significant changes in the expression of these proteins were observed in macrophage-depleted WT mice and IL-22-knockout mice ([Supplementary Material Fig. S8E](#appsec1){ref-type="sec"}). Similar trends were observed with regard to the numbers of TUNEL-positive cells ([Supplementary Material Fig. S8F](#appsec1){ref-type="sec"}).

3.8. WT macrophage adoptive transfer aggravates cardiac injury in DOX-treated IL-22-knockout mice {#sec3.8}
-------------------------------------------------------------------------------------------------

Less cardiomyocyte vacuolization and lower cardiac injury marker expression were observed in DOX-treated IL-22-knockout mice with adoptive transfer of IL-22-knockout macrophages than in those with adoptive transfer of WT macrophages; however, these differences were not observed in saline-treated IL-22-knockout mice ([Fig. 6](#fig6){ref-type="fig"}A and [Supplementary Material Fig. S9](#appsec1){ref-type="sec"}). Similar trends in cardiac function were observed among these four groups ([Supplementary Material Table S5](#appsec1){ref-type="sec"}). Adoptive transfer of WT macrophages into DOX-treated IL-22-knockout mice increased MDA level and NADPH oxidase activity, reduced GSH level and SOD activity, decreased the expression of Bax and cleaved caspase-3 while increasing that of Bcl2, but there were no significant differences in the expression of apoptosis-related proteins between the two groups treated with saline after adoptive transfer of macrophages ([Fig. 6](#fig6){ref-type="fig"}B and C). In addition, DOX-treated IL-22-knockout mice with adoptive transfer of IL-22-knockout macrophages exhibited fewer TUNEL-positive cells than those with adoptive transfer of WT macrophages ([Fig. 6](#fig6){ref-type="fig"}D). A total of 396 genes were differentially expressed in DOX-treated IL-22-knockout mice with adoptive transfer of IL-22-knockout macrophages compared with DOX-treated IL-22-knockout mice with adoptive transfer of WT macrophages: 212 genes were up-regulated, and 184 genes were down-regulated (Changes in the expression of some genes are shown [Supplementary Material Table S6](#appsec1){ref-type="sec"}).Fig. 6Effects of macrophage adoptive transfer on DOX-induced oxidative stress and cardiac injury. **(A).** Vacuolization of cardiomyocytes was detected in each group. **(B).** Detection of cardiac MDA, GSH levels and SOD, NADPH oxidase activities in each group. **(C).** The expression of Bax, Bcl2, and cleaved caspase-3 (c-cas3) was detected. **(D).** The numbers of TUNEL-positive cardiac cells were analyzed; N = 5 in each group. Mø means macrophages. N = 5 in each group. \*P \< 0.05 vs. the DOX + WT macrophage adoptive transfer group.Fig. 6

3.9. Up-regulation of Fizz3 expression significantly reverses cardiac injury and cardiac dysfunction in DOX-treated mice {#sec3.9}
------------------------------------------------------------------------------------------------------------------------

According to the results of gene sequencing, the expression of a total of 29 cardiac genes was changed after knockout of IL-22 and adoptive transfer of macrophages; Fizz3 gene expression exhibited the most significant change ([Fig. 7](#fig7){ref-type="fig"}A and C). Fizz3, also named Retnlg, is an adipocyte-specific secretory factor associated with insulin resistance that is widely expressed in a variety of rodents and in humans. Evidence has confirmed that Fizz3 is derived mainly from macrophages and to a lesser extent from monocytes and that its secretion is closely related with inflammatory responses \[[@bib30]\]. In addition to regulating insulin metabolism, Fizz3 has also been implicated in inflammatory responses \[[@bib31]\]. The results shown that increasing Fizz3 expression significantly decreased both the vacuolization of cardiomyocytes and the expression of cardiac injury markers in DOX-treated IL-22-knockout mice ([Fig. 8](#fig8){ref-type="fig"}A and [Supplementary Material Fig. S10](#appsec1){ref-type="sec"}). Fizz3 up-regulation also significantly improved cardiac function in DOX-treated IL-22-knockout mice ([Supplementary Material Table S7](#appsec1){ref-type="sec"}). In addition, the DOX-induced elevations in MDA levels, NADPH oxidase activity, Bax expression, and cleaved caspase-3 expression and reduction in GSH level, SOD activity, and Bcl2 expression were significantly reversed by AAV9-Fizz3 in IL-22-knockout mice ([Fig. 8](#fig8){ref-type="fig"}B and C). Similar trends were observed with regard to the number of TUNEL-positive cells with Bax expression ([Fig. 8](#fig8){ref-type="fig"}D).Fig. 7Gene expression changes in different databases. **(A).** Effects of IL-22 knockout or macrophage adoptive transfer on the numbers of genes with altered expression. **(B).** Intersection analysis between 2 databases revealed 29 commonly changed genes. **(C).** Hot maps of the mRNA expression levels of the 29 genes; Mø means macrophages; N = 5 in each group.Fig. 7Fig. 8Effects of Fizz3 knockdown on DOX-induced oxidative stress and cardiac injury in mice. **(A).** Vacuolization in cardiomyocytes was assessed. **(B).** Analysis results of cardiac MDA, GSH levels and SOD, NADPH oxidase activities. **(C).** Cardiac Bax, Bcl2, and cleaved caspase-3 (cle-cas3) levels were measured. **(D).** The numbers of TUNEL-positive cardiac cells were analyzed. N = 5 in each group. \*P \< 0.05 vs. the DOX + KO + AAV9-Fizz3 group.Fig. 8

4. Discussion {#sec4}
=============

In this study, we identified the effects of IL-22 knockout on DOX-induced cardiac injury and cardiac dysfunction and elucidated the possible mechanisms. We found that deletion of IL-22 significantly reduced cardiac injury and significantly reversed cardiac dysfunction. In addition, IL-22 knockout decreased cardiac oxidative stress, reduced the phosphorylation of p38 in cardiac macrophages, significantly alleviated imbalance between M1 macrophages and M2 macrophages, and significantly ameliorated cardiomyocyte apoptosis. In subsequent experiments, we inhibited the p38 pathway with SB203580 and depleted macrophage populations with clodronate liposomes, and also play a role in reversing cardiac oxidative stress and protection of cardiac injury. IL-22-knockout mice with adoptive transfer of WT macrophages showed more severe cardiac oxidative stress and cardiac injury and poorer cardiac function than those with adoptive transfer of IL-22-knockout macrophages. We further assessed the downstream genes and screened the Fizz3 gene. A similar protective effect was observed when the expression of Fizz3 was up-regulated with AAV9. The findings of this study suggest that IL-22 knockout may protect against DOX-induced cardiac oxidative stress and myocardial injury and cardiac dysfunction by reducing activation of the p38 pathway, thereby inhibiting macrophage imbalance, increased Fizz3 expression.

IL-22 downstream signaling can be mediated by a number of signaling pathways, including the ERK, JNK, p38, STAT3, and STAT5 pathways \[[@bib9],[@bib32],[@bib33]\]. To investigate the mechanisms by which IL-22 knockout alleviated cardiac injury, the effects of IL-22 on the activation of these signaling pathways were analyzed in mice, and the results showed that IL-22 knockout significantly decreased the phosphorylation of cardiac p38. These results suggest that the p38 pathway may mediate the regulatory effects of IL-22 on cardiac injury. Many pathological factors, including inflammation, oxidative stress, autophagy and others factors, are involved in the complicated process of DOX-induced cardiac injury \[[@bib7],[@bib33]\]. Among these factors, the cardiac oxidative stress plays a critical role in injury progression and has received increasing attention \[[@bib7],[@bib34],[@bib35]\]. Immune cells are important cells that regulate oxidative stress and have been shown to be involved in a variety of cardiovascular diseases. In an earlier study, Hou et al. found that T lymphocyte activity is closely related to DOX-induced cardiotoxicity and cardiomyocyte apoptosis \[[@bib36]\]. In another study, Hadi et al. reported that treatment with vitamin E and telmisartan significantly reduces infiltration of monocytes into the heart, thereby reducing the cardiac inflammatory response, relieving DOX-induced cardiac injury and improving cardiac dysfunction \[[@bib37]\]. We and other researchers have reported that DOX treatment promotes imbalance between M1 macrophages and M2 macrophages in mice, and aggravation of this imbalance further aggravates cardiac injury and cardiomyocyte apoptosis \[[@bib7],[@bib38]\]. These results suggest that DOX-induced immune cell activation plays an important role in myocardial injury. To further explore the mechanisms, the populations of various immune cells in the heart were examined, and the results showed that IL-22 knockout significantly reduced cardiac macrophage populations but not T lymphocyte, monocyte, or dendritic cell populations. In addition, p38 phosphorylation in cardiac macrophages was observed to be significantly reduced by IL-22 knockout, consistent with the expression trend in the heart. These results suggest that IL-22 may help regulate cardiac injury by regulating macrophage differentiation via activation of the macrophage p38 pathway.

Studies have shown that increased phosphorylation of p38 pathway members significantly promotes macrophage activation, while decreased phosphorylation of the p38 pathway significantly inhibits it \[[@bib39],[@bib40]\]. These results suggest that activation of the p38 pathway is an important signaling event for macrophage activation. In addition, our study revealed that DOX treatment can increase IL-22R1 expression on the surfaces of macrophages both in vivo and in vitro and that IL-22 deletion can significantly reduce IL-22R1 expression in vivo. These results indicate that IL-22 could affect the expression of IL-22R1 on the surface of macrophages, which is consistent with the conclusions of a previous study \[[@bib15]\]. Thus, IL-22 may play a direct role in macrophage differentiation.

Activated macrophages can be divided into M1 macrophages and M2 macrophages, which play anti-inflammatory and pro-inflammatory effects, respectively. In a mouse model of DOX-induced acute cardiac injury, both increased M1 macrophage populations and decreased M2 macrophage populations have been observed, and regulation of M1 macrophage differentiation has been found to affect the development of cardiac injury \[[@bib7],[@bib38],[@bib41]\]. These results suggest that DOX treatment can promote the polarization of M2 macrophages to M1 macrophages. Imbalance between M1 macrophages and M2 macrophages is an important mechanism of cardiac injury, and M1 macrophages play leading roles in cardiac injury progression. Both the STAT1 pathway and the p65 pathway can be activated in macrophages and are closely related to the differentiation of M2 macrophages into M1 macrophages \[[@bib7],[@bib42],[@bib43]\]. To further clarify the mechanisms, pathways associated with macrophage differentiation were analyzed, and the results revealed that IL-22 knockout reduced phosphorylation of p65, but not STAT1, in DOX-treated mice. These data indicate that the p65 pathway may be downstream of the p38 pathway. In addition, cardiac macrophage polarization was detected, and deletion of IL-22 was found to significantly ameliorate the imbalance between M1 macrophages and M2 macrophages. These results indicate that the p65 signaling pathway acts downstream of the p38 pathway to regulate macrophage differentiation. Cardiac oxidative stress plays a crucial role in DOX-induced cardiac injury, because cardiomyocytes have a poor tolerance to oxidative stress \[[@bib7]\]. Macrophage is one of the most important releasers of various oxidative stress-related factors, and its differentiation affects the release of pro-oxidant and antioxidant factors, among them, m1 macrophages released pro-oxidative stress factors, while m2 macrophages released anti-oxidative stress factors \[[@bib44], [@bib45], [@bib46]\]. In the mouse model, we found that the deletion of IL-22 significantly reduced cardiac oxidative stress levels. This result is consistent with the previous conclusions, suggesting that IL-22 knockdown may regulate oxidative stress levels by regulating macrophage differentiation, thereby regulating cardiac injury. In subsequent experiments, blockade of the p38 signaling pathway with SB203580 reduced the phosphorylation of p65 and significantly ameliorated the imbalance between M1 macrophages and M2 macrophages, similar trends of cardiac oxidative stress were observed. These results further support our above hypothesis.

However, the role of macrophages in the regulation of DOX-induced myocardial injury still needed to be further verified. Therefore, macrophage populations were depleted using clodronate liposomes, and both cardiac injury and cardiac dysfunction in mice were significantly improved upon macrophage depletion. Adoptive transfer of IL-22-knockout macrophages into IL-22-knockout mice also greatly alleviated cardiac injury. These results confirm that macrophages are important mediators of cardiac injury and that macrophage differentiation is regulated by IL-22. Our gene sequencing results revealed that Fizz3 was the most significantly changed gene downstream of IL-22; therefore, we hypothesized that IL-22 may participate in cardiac injury by regulating Fizz3. To test this hypothesis, the expression of Fizz3 was up-regulated and the results showed that DOX-induced cardiac injury was significantly reduced. These results confirm that IL-22 knockout may alleviate DOX-induced cardiac injury by increasing the release of IL-22 from macrophages.

The mechanism of DOX-induced cardiac injury is complex and many pathological injury factors are involved in its process, numerous studies have confirmed that excessive apoptosis of cardiomyocytes is the most fundamental mechanism \[[@bib47]\]. In this study, each stage of the p38 MAPK/macrophage/Fizz3 axis was intervened, and the results indicate that IL-22 protects DOX-induced cardiac injury by reducing cardiomyocyte apoptosis. While in a recent study, Takahashi et al. reported that treatment with recombinant mouse IL-22 decreases multiple cardiac apoptosis markers expression in ischemia-reperfusion mice, which suggest that IL-22 plays a anti-apoptotic role in cardiac ischemia-reperfusion \[[@bib48]\]. This result is inconsistent with our conclusion, one possible explanation is that, as a pluripotent cytokine, the microenvironment in which IL-22 is located determines its regulatory effect on apoptosis. In fact, a similar phenomenon was also found in the regulatory role of IL-22 in fibrosis, both anti-fibrosis role and a pro-fibrosis effect were observed in different liver environment \[[@bib49], [@bib50], [@bib51]\].

In conclusion, our study demonstrates that IL-22 knockout significantly improves DOX-induced cardiac injury and suggests that reductions in IL-22 expression may be beneficial for patients undergoing chemotherapy.
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